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Abstract 
Aiming at reducing the drawbacks of traditional forming process of large-scale austenitic stainless steel ellipse heads, the 
draw-bead was introduced to the forming process in this article. Three types draw-bead were considered in this paper: the round 
draw-bead, the rectangular draw-bead and edge-bead. Accordingly, a finite element model was built to simulate the forming 
process of ellipse heads. Meanwhile, the geometrical parameters were optimized in terms of the forming quality, the maximum 
thinning ratio and the maximum punch force by using the finite element analysis and design of experiment. The single-factor 
experiment was adopted to find out the possible significant factors and the reasonable range of these factors. The influencing 
factors, such as the type of draw-bead, the distance between the center of the draw-bead and inside of die, the height of the 
draw-bead, and the roundness radius of die, were researched. By means of orthogonal test and multi-objective experiment, the 
optimum parameter combination of draw-bead was found. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Nagoya University and Toyohashi University of Technology. 
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1. Introduction 
The austenitic stainless steel pressure vessels are widely used in industries owning to its features in storing 
liquid or gas. The pressure vessel head is one of the key part in pressure vessels (Zhang et al., 1999). The heads for 
pressure vessel have various types: flanged heads, hemispherical heads, ellipsoidal heads, tori-spherical heads and 
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conical heads etc. The geometry of the head is selected based on the function and economic factors, as well as 
forming methods and space requirements. 
Till date, in the field of heads, extensive researches have been conducted on new forming process, finite element 
simulation and parameter optimization and so on. Lu et al. (1995) discussed the nonlinear elastic and elastic-plastic 
load-carrying behavior and imperfection sensitivity of torispherical pressure vessel heads under uniform external 
pressure. Qian et al. (2007) investigated the process of multi-point forming for dish head and Zhang et al. (1999) 
researched integral hydro-bulge forming for pressure vessel heads. Kirby and Wild (2000) investigated new tooling 
for pressure vessel head by using finite element simulation. Parameter optimization based on finite element 
analysis is one of the efficient and accurate tools in this field (Leh et al., 2013). 
The traditional technologies for manufacturing pressure vessels heads are stamping-forming, spinning forming, 
welding and multi-forming process etc. Owing to the different equipment ability and key forming technology, the 
forming method may be different in different companies. The deep drawing is wildly used in forming an elliptical 
head with diameter of 3000 mm and the nominal thickness of 10 mm, as shown in Fig. 1, which is formed in three 
times drawing without draw-bead. Fig. 2 shows the diagrammatic of drawing tooling. Obviously, this process is 
both time-consuming and low productivity. In order to solve this problem, the draw-bead was introduced in the 
forming process. Finally, the same heads with good forming quality are produced in a single–pass drawing process. 
 
        
    Fig. 1. Geometry of the elliptical heads.                      Fig. 2. The diagrammatic sketch of drawing tooling. 
 
However, the development of tooling for new process is a time-consuming and expensive process in the 
traditional method. In order to save time and cost of tooling development, a reasonable finite element model is 
applied in this paper. Not only can it evaluate new tooling design, but it also can optimize tooling parameters. 
2. Development of forming process for elliptical heads 
In the current study, a typical elliptical head was used, as shown in Fig. 1. The conventional forming process of 
this large dimension head is illustrated in Fig. 3. From the figures, it can be seen that the elliptical head was shaped 
in three steps, whilst the same punch and three different size dies were used in this forming process. There were 
many forming defects in one-step deep drawing, such as wrinkling, thinning and bulge, so multi times drawing 
were used to solve those problems. However, it was time-consuming and inefficiency in multi times drawing.  
 
 
 
 
 
 
 
 
 
Fig. 3. Schematic diagram of conventional forming process of elliptical heads: (a) the initial, undeformed profile of blank, (b) the first step of 
forming process, (c) the second step of forming process, (d) the final step of forming process. 
 
Therefore, the draw-bead was introduced in the forming process. Fig. 4 shows tow-dimensional axis-symmetric 
diagram of tooling with draw-bead and blank holder. These figures illustrate three types of draw-beads: (a) the 
(a) (b) 
(d) (c) 
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round draw-bead, (b) the rectangular draw-bead and (c) the edge-bead. As we all known, draw-bead is commonly 
used in the field, such as deep drawing and stamping forming of automobile parts. However, the previous research 
of draw-bead in forming such a large diameter and thickness head is few. The structure of draw-bead and related 
parameters of tooling was investigated in the current study. 
 
 
 
 
 
 
 
Fig.4. Tow-dimensional axis-symmetric diagram of die with draw-bead and blank holder: (a) the round draw-bead, (b) the rectangular 
draw-bead, (c) the edge-bead , and (d) schematic illustration of the geometry of die. 
3. Finite element models 
A finite element model of the tooling and blank was illustrated in Fig.5. Numerical simulation was performed by 
using the commercial finite element analysis software, Dynaform. The simulation considered the forming problem 
as axisymmetric, allowing its representation by 1/4 symmetry model. The punch, die and blank holder were taken 
as rigid. The blank was modeled as a deformable body (Chen et al., 2005). The material of sheet was austenitic 
stainless steel SUS321, and it was assumed to satisfy the Ramberg-Osgood relation between true stress and 
logarithmic strain, İ ıE + (ıK)୬. The material parameters are shown in Table 1. Coulomb friction model was 
assumed in the study, and friction coefficient between tools and blank was taken as 0.125. The load velocity of 
blank holder and punch were 250 mm/min and 500 mm/min respectively, meanwhile the die was fixed. The 
blank-holding force was 5 MN during the drawing process. Based on the established FE model, the forming quality, 
thickness distribution, stain and stress, as well as punch force could be obtained during the process. 
 
    Table 1. The material parameters of the experimental model. 
 
 
 
 
 
 
 
  
  
Fig. 6 shows the finite element model results of deep drawing with draw-bead: (a) forming limit diagram, (b) 
thickness distribution diagram. The diagrams show that the elliptical head has a good forming quality, whilst the 
maximum thinness and minimum thinness of the shaped elliptical head are 11.499 mm and 9.207 mm, respectively. 
 
 
 
 
 
 
 
 
 
  
Parameter Units Value 
Young’s modulus (E) GPa 207 
3RLVVRQ¶VUDWLRȞ -- 0.28 
Yielding stress (ı௦) MPa 205 
Tensile strength (ı௕) MPa 520 
Work-hardening exponent (n) -- 0.425 
Strength coefficient (K) MPa 1372 
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Fig. 5. Finite element model.       
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Fig. 6. Finite element model results of deep drawing with draw-bead: (a) forming limit diagram, (b) thickness distribution diagram. 
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4. Optimization of tooling parameters 
4.1. Single-factor experiment  
In the forming process of elliptical head, there were a few factors that may affect the forming quality. The 
single-factor experiment was adopted to find out the possible significant factors, and also it can confirm the 
reasonable range of these factors. Based on comprehensive analysis of the possible significant factors and 
corresponding finite element analysis results, four factors were selected as the research factors. The four factors 
were the type of draw-bead, the location of the draw-bead, the height of the draw-bead and the corner radius of the 
die. The researched parameters are marked in Fig. 4 (d): d is the distance between the center of the draw-bead and 
inside of ring die, H is the height of the draw-bead, and R is the roundness radius of the die. 
4.2. Orthogonal design 
As we all known, design of experiments is a powerful technique used for exploring new processes and 
optimizing parameter. Taguchi method is one of effective and commonly used technique for experimental design. 
Thus, in the following sections, orthogonal design and finite element analysis were used to investigate the optimal 
combination of significant geometric parameters.  
Based on single-factor experiment results and relative references (Wen et al., 2014), it can be determined that 
the significant geometric parameters in orthogonal design were the types of the draw-bead (A), the location of the 
draw-bead (B), the height of the draw-bead (C) and the corner radius of the die (D). As shown in Table 2, an 
orthogonal array table with four three-level factors, which can be expressed as L9 (34), was established. On the 
basis of table 2, nine groups of calculation were conducted to analyze the forming process of elliptical head in 
finite element software Dynaform. The results were summarized in Table 3.  
 
Table 2. Geometric parameters and levels. 
Levels A B C D Types d(mm) H(mm) R(mm) 
1 round draw-bead 120 20 40 
2 rectangular draw-bead 200 30 50 
3 edge-bead 280 40 60 
 
Table 3. Results of orthogonal design. 
No. A B C D Forming quality (%) 
Maximum 
thinning ratio (%)  
Maximum punch 
force (MN) 
1 1 1 1 1 80 12.13 7.05 
2 1 2 2 2 88 7.38 5.91 
3 1 3 3 3 83 6.87 4.91 
4 2 1 2 3 86 9.12 7.60 
5 2 2 3 1 90 12.3 7.42 
6 2 3 1 2 73 5.97 5.11 
7 3 1 3 2 89 7.93 7.31 
8 3 2 1 3 69 5.20 4.48 
9 3 3 2 1 78 5.71 4.94 
%DVHGRQIRUPLQJOLPLWGLDJUDPIRUPLQJTXDOLW\ LVFRQYHUWHGLQWRGLJLWDOQXPEHUDJRRGTXDOLW\UHIHU WRD OLWWOHDrea of wrinkling 
refer to 80~85%; a middle area of wrinkling refer to 75~80%; a large area of wrinkling refer to <75%. 
 
Extreme difference analysis was introduced to find out how much the factors affect the forming quality, the 
maximum thinning ratio and the maximum punch force. The effect curves of factors are shown in Fig. 7. According 
to the range fluctuations index of each factor in Extreme Difference Analysis, the rank of factor influences is 
shown in Table 4. Apparently, the larger the range value implies the greater the factor influences. Extreme 
difference analysis results shows that the height of the draw-bead (C) was the most important factor that influences 
the forming quality, the location of the draw-bead (B) was the most important factor that influence the maximum 
thinning ratio and maximum the punch force. Fig. 8 illustrates the effect of the location of the draw-bead and height 
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of the draw-bead on forming quality and maximum thinning ratio. From these figures, it can be concluded that the 
forming quality hasn’t direct relationship with the maximum thinning ratio. That is to say, when the forming 
quality meet the requirement of products, it cannot guarantee that the maximum thinning ratio meet the requirement 
at the same time. Therefore, a multi-objective experiment was proposed to solve this problem. 
 
 
  
Fig.7. Effect of parameter levels on forming quality: (a) Effect of parameter levels on forming quality; (b) Effect of parameter levels on 
maximum thinning ratio; (c) Effect of parameter levels on maximum punch force. 
 
Table 4. Extreme difference analysis. 
  A B C D 
Forming quality R 5 7 13.3 4 Rank 3 2 1 4 
Maximum 
thinning ratio 
R 2.86 3.53 1.64 2.99 
Rank 3 1 4 2 
Maximum 
punch force 
R 1.13 2.33 1.00 0.80 
Rank 2 1 3 4 
    R: range fluctuations index of each factors; Rank: influence rank of all factors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Effect of location of the draw-bead (B) and height of the draw-bead (C) on forming quality and the maximum thinning ratio. 
 
(a) round draw-bead (b) rectangular draw-bead (c) edge-bead 
 (d) round draw-bead (e) rectangular draw-bead (f) edge-bead 
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A single-objective experiment cannot find out the result, so a multi-objective experiment was proposed to get 
the optimal parameter combination (Park, 2010). The constraints of the multi-objective experiment were as 
following: (1) the minimum limit for forming quality was 85%, and the maximum value was optimum; (2) the 
maximum limit for maximum thinning ratio was 8%; (3) the maximum limit for the punch force was 10MN.  
As is shown in Table 5, seven solutions that can meet the requirements of the constraints condition were found 
by Design Expert software. According to constraints (1), (2) and (3), the first solution was adopted, and the 
desirability of this solution was 0.267. Thus, the best combination of the tool parameters was A3B1C3D2, namely, 
the type of draw-bead was edge-bead, d PPH PPR PP 
 
Table 5. Seven solutions of optimization. 
No. A B C D Forming quality (%) 
Maximum 
thinning ratio (%)  
Maximum punch 
force (MN) Desirability Types d(mm) H(mm) R(mm) 
1 3 120 40 50 89 7.93 7.31 0.267 
2 1 200 30 50 88 7.38 5.91 0.200 
3 2 200 30 50 87.4 7.73 6.67 0.156 
4 1 280 40 50 87 6.90 5.36 0.133 
5 3 200 40 50 86.3 6.51 5.93 0.089 
6 2 280 40 50 86.4 7.25 6.11 0.089 
7 3 120 30 50 85.7 6.28 6.91 0.044 
5. Conclusions 
The current research develops the traditional forming process for elliptical head by using the draw-bead. Finite 
element model and design of experiments were adopted to optimize the related parameters. The main conclusions 
can be drawn as follows: 
(1). The elliptical heads with diameter of 3000 mm can be formed in one time deep drawing through adding the 
draw-bead to the tooling. That is means, if the suitable draw-bead were designed, the larger diameter heads can 
also be formed in one time drawing. 
(2). Orthogonal design and multi-objective experiment are efficient and accurate tools to solve the problem with 
multi factors and multi objective. The optimum parameter combination was that the type of draw-bead was 
edge-bead; the distance between the center of the draw-bead and inside of ring die, d, was 120 mm; the height 
of the draw-bead, H, was 40 mm; and the roundness radius of die, R, was 50 mm. 
(3). The improved forming process for ellipse head was more economical and efficient than the conventional 
process, and this process is going to be applied by a pressure vessel manufacturer. 
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